Introduction
============

Coastal ecosystems are critical for the maintenance of biodiversity and human well-being by providing diverse benefits and ecosystem services, including protection against storms and mean sea level rise, as well as the prevention of coastal erosion, water quality regulation, nutrient recycling, and provision of habitats for high diversity commercial species, among others ([@ref-44]; [@ref-61]; [@ref-82]; [@ref-9]; [@ref-16]; [@ref-68]; [@ref-118]; [@ref-122]).

Mangroves, seagrasses and salt marshes are known as blue carbon ecosystems; they sequester greenhouse gases and store more organic carbon over the long term per unit area than terrestrial forests, and they are now recognized for their role in the climate change mitigation ([@ref-92]). Despite these benefits, blue carbon ecosystems are among the most threatened ecosystems, and their relatively low coverage \<0.5% ([@ref-33]) is the result of natural fragility and human-induced impacts.

International groups, such as the Intergovernmental Panel on Climate Change (IPCC), have begun to recognize the climate mitigation value of these ecosystems and included them in the 2016 update to the 2003 Wetlands Supplement ([@ref-59]). At an international level, it has been recognized that C~org~ sequestration and storage in the vegetation and soil of blue carbon ecosystems could be a key component of mitigation strategies in the face of climate change. Thus, actions that conserve, restore, and sustainability use coastal wetlands are needed to avoid emissions and maintain (and where possible enhance) coastal wetland sequestration and storage. These actions contribute to global and national carbon management and increase the resilience of the socioecological ecosystem ([@ref-120]; [@ref-101]; [@ref-109]; [@ref-74]; [@ref-77]).

Mexico has one of the largest extensions of blue carbon ecosystems and is among the areas with the greatest coverage in the tropical and subtropical Western Hemisphere. The Mexican Federal Government reports 755,555 ha of mangrove and 461,059 ha of seagrasses ([@ref-117]; [@ref-28]). However, estimations of their extensions have varied over time according to the precision of the methods (aerial photos, satellite images, number of sites verified "in situ"), and special attention is required for seagrasses due to the scarce reports on their extension, which differ significantly ([Table 1](#table-1){ref-type="table"}). For mangroves, Mexico's main species are *Rhizophora mangle*, *Avicennia germinans* and *Laguncularia racemosa* ([@ref-117]); and for seagrasses, the main species are *Halodule wrightii*, *Syringodium filiforme*, *Thalassia testudinum* and *Zostera marina* ([@ref-28]).

10.7717/peerj.8790/table-1

###### Reported extension for Mexican mangroves and seagrasses in the last 48 years (1970--2018).

![](peerj-08-8790-g009)

  Period (decade)   Mangroves extension (ha)                      Seagrass extension (ha)            References
  ----------------- --------------------------------------------- ---------------------------------- -----------------
  1970--1980        1,420,000^1^ 1,124,000^2^ 856,405^3^          --                                 1, 2, 3
  1981--1990        985,600^2^ 855,566^3^                         --                                 2,3
  1991--2000        932,800^4^ 885,000^2^                         --                                 2, 4
  2001--2010        820,000^2^ 774,134^3^ 773,854^3^ 764,774^3^   688,230^7^                         2, 3, 7
  2011--2018        741,917^6^ 939,521^8^ 775,555^3^              919,300^10^ 456,059--461,058^11^   3, 6, 8, 10, 11

**Notes.**

Data from: ^1^[@ref-36]; ^2^[@ref-35]; ^3^[@ref-117]; ^4^[@ref-108]); ^6^[@ref-45]; ^8^[@ref-58]; ^7^[@ref-46]; ^10^[@ref-20]; ^11^[@ref-28].

Recently, academia, nongovernmental organizations and governmental groups have created synergies to increase scientific knowledge concerning blue carbon ecosystems, and the C~org~ reserves of several ecosystems have been quantified and mapped ([@ref-17]; [@ref-3]; [@ref-96]; [@ref-2]; [@ref-34]; [@ref-67]; [@ref-83]; [@ref-25]; [@ref-88]). In this systematic review, we checked more than 150 reports with data related to blue carbon stocks and fluxes in Mexico ([Fig. 1](#fig-1){ref-type="fig"}).

![PRISMA flow diagram of the literature selection process for the systematic review of Mexican blue carbon stocks and fluxes.\
From: [@ref-86].](peerj-08-8790-g001){#fig-1}

The storage and fluxes of C~org~ in blue carbon ecosystems mainly depend on the community structural characteristics and extensions, which are the result of the addition of particularities of climate, geomorphology, hydrology and human land use. In Mexico, there is a natural and human-induced heterogeneity along the 11,592 km ([@ref-70]) of coast, resulting in a mosaic of spatial and structural arrangements of mangrove and seagrass communities. Traditionally, management schemes do not consider all the abovementioned criteria.

In the case of seagrasses, both the bathymetry gradient and coastal current velocities influence the water transparency, which is one of the key variables for seagrass development. The variability in water transparency is a factor related to the morphometric characteristics of the plants, which determine the above ground C~org~ assessments of this ecosystem ([@ref-37]). However, Mexico has insufficient information on seagrasses at the high spatial resolution required for use as a reference criterion for seagrass zonation. Currently, the Mexican government is requesting information from mangrove and seagrass C~org~ stocks under different criteria that allow for the development of conservation and restoration policies at different scales ([@ref-56]). In this context, it is necessary to consider the ecological and environmental scenarios in which mangroves and seagrasses develop to improve local, regional and national carbon inventories.

Mexico ranks 13 in the list of countries with the largest CO~2~ emissions ([@ref-55]), derived from the use and burning of fossil fuels representing 1.37% of global emissions in 2012; however, and unknown amount of CO~2~ emissions is contributed by degraded or destroyed blue carbon ecosystems, which are able to release the carbon they have stored for centuries into the atmosphere and oceans and become sources of greenhouse gases ([@ref-92]). It has been estimated by experts that as much as 1.02 billion tons of carbon dioxide are being released annually from degraded coastal ecosystems, which is equivalent to 19% of emissions from tropical deforestation globally ([@ref-92]). Changes in the coverage of Mexico's blue carbon ecosystems over time and their relation to changes in land use have been difficult to quantify due to the lack of long-term evaluation programs.

Mexico is one of the 175 countries that have signed onto the Paris Agreement, and it has committed to "increase carbon capture and coastal protection with the implementation of conservation and recovery schemes for coastal and marine ecosystems, such as coral reefs, mangroves, seagrasses and dunes", through Mexico's Nationally Determined Contribution with the Adaptation category ([@ref-56]). However, insufficient data have been collected in Mexico, and no complete synthesis of the mitigation value or the greenhouse gases (GHG) emissions related to mangroves and seagrasses existed until now. This comprehensive review is a first step in providing a tool for decisionmakers to develop efficient strategies aimed at reducing carbon emissions from the loss of these ecosystems while also protecting current levels of carbon capture and storage as well the many ecosystem services provided by mangroves and seagrasses.

Methods
=======

A systematic review was conducted at the country level to assess the carbon stocks and fluxes of blue carbon ecosystems in Mexico. We use the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) ([Fig. 1](#fig-1){ref-type="fig"}) framework and protocols ([@ref-85]).

Information sources and search strategy
---------------------------------------

An electronic literature search was performed for carbon stocks and carbon fluxes in mangroves and seagrasses from Mexico. We use PubMed (MEDLINE) and Web of Science as the primary sources for searches and include open access publications. Google Scholar was a secondary source used to acquire additional literature (thesis, technical reports), and the inclusion of gray literature is recommended for systematic reviews to minimize publication bias ([@ref-69]; [@ref-94]).

We also include published databases on C~org~ stocks from [@ref-47] and [@ref-50], and the Mexican Carbon Program (PMC), which have been validated and reviewed by experts and organizations of the federal government and civil society (CONABIO and CONAFOR) and subjected to public consultation (<http://pmcarbono.org/pmc/>). In the initial phase, titles and abstracts from network were screened to identify potential eligible studies. In the second phase, full texts of the remaining articles were read to determine if they meet the inclusion and exclusion criteria. When disagreement emerged regarding the eligibility of studies, the main author Jorge A. Herrera Silveira made the final decision.

The search of carbon stocks and fluxes extended from 1987 to 2018 and included keywords (exclusively in Spanish and English) population ("mangrove", OR "seagrass", OR "Submerged aquatic vegetation", OR "wetlands", OR "coastal basin", OR "coast"), AND compartments ("Forest structure", OR "ecosystem structure", OR "DBH", OR "biomass", OR "above ground" AND "biomass", OR "below ground" AND "biomass", OR "litter productivity", OR "carbon" AND "flux", OR "decomposition" OR "soil" AND "carbon", OR "soil" AND "organic matter", OR "sediment" AND "organic matter", OR "soil" AND "bulk density", OR "sediment" AND "bulk density"), AND "location" (v.g. "Gulf of Mexico", OR "Pacific", OR "Yucatan Peninsula") OR "Mexican Caribbean", OR state names (v.g. "Yucatan", OR "Campeche", "Quintana Roo", OR "Tabasco", OR "Veracruz", OR "Tamaulipas", OR "Baja California Sur", OR "Baja California Norte", OR "Sinaloa", OR "Oaxaca", OR "Chiapas"); OR specific site names (v.g. "Laguna de Terminos", OR "Magdalena Bay", OR "Sian Ka'an", OR "La Encrucijada", OR "La Mancha", OR "Laguna Alvarado", OR "San Quintín Bay", OR "Marismas Nacionales", OR "Celestún", OR " Laguna Madre", OR "Barra de Navidad", OR "Laguna Mar Muerto").

The searches were undertaken independently by authors with at least five years of experience in sampling, laboratory analysis, and proven experience in data analysis and redaction of technical reports on blue carbon ecosystems. The five researchers for mangrove review were the coauthors Andrea Camacho-Rico, Monica A. Pech-Cardenas, Siuling Cinco-Castro; for sediments were Eunice Y. Pech-Poot and Juan P. Caamal Sosa; and for seagrasses were Juan E. Mendoza-Mantínez and Sara M. Morales-Ojeda.

Eligibility criteria
--------------------

We include studies and datasets that report the biomass, organic carbon stock, organic matter and bulk density in sediments per unit of area and spatially referenced or flux data from mangroves and seagrasses. For mangroves, an important criterion was the plot design (including at least three replicates) to guarantee the representativeness of the data; for seagrasses, we looked for studies that based their results on quadrants or cylindrical core sampler along transects. No conference abstracts were considered to meet the inclusion criteria.

Data extraction and analysis
----------------------------

Data extraction was independently performed by authors (Andrea Camacho Rico, Monica A. Pech -Cardenas, Siuling Cinco-Castro, Eunice Y. Pech-Poot, Juan P. Caamal-Sosa, Juan E. Mendoza-Martinez and Sara M. Morales Ojeda). Study-specific variables were recorded for each entry. Many properties assessed in this review were reported as contextual environmental data rather than the primary outcome for their respective studies (no replicates or dispersion measures described), which was why bias was not reported in this study. We include entries such as geographic location and region (according to [@ref-117]), environmental characteristics including ecological type ([@ref-75]), sample, compartment (above and below ground components), mangrove fluxes by litterfall biomass and/or constant decay of litter.

The estimation of C~org~ stocks was carried out for mangroves by authors Monica A. Pech-Cardenas, Andrea Camacho-Rico, Juan P. Caamal-Sosa, Claudia Teutli-Hernandez and for seagrasses by Juan E. Mendoza-Martinez and Sara M. Morales Ojeda, and the supervisor was Jorge A. Herrera-Silveira. The above and below ground biomass of all the studies were converted to organic carbon using the factor 0.45 for mangroves and 0.35 for seagrasses ([@ref-37]; [@ref-53]; [@ref-64]). The total soil C~org~ pool was standardized to a depth of 1 m, although there are reports in mangroves of organic matter depths greater than 1 m ([@ref-17]; [@ref-2]; [@ref-34]). The units employed to report the C~org~ stocks in the coastal blue carbon ecosystems were Mg C~org~ ha^−1^ except where indicated. For both ecosystems, our lab data were used as the control for C~org~ and for both above and below ground assessments. The georeferenced data were standardized and plotted, and corrections were made for inconsistencies in the location of the sites and derived from the different coordinate systems used in the literature. The mangrove zonation used belongs to the national official regionalization and was proposed by a panel of scientists ([@ref-26] based on [@ref-75]). The humidity ranges were defined according to [@ref-26] based on [@ref-42]; we use humid (Am and Af variations), sub humid (Aw2, Aw1, Aw0 variations), arid (BW) and semi-arid (BS1) classifications. The ecological typology criteria used were dwarf, basin, fringe and hammock (peten) mangrove types, which could be of interest both for decision makers and for future research at regional and local scales ([Fig. 2](#fig-2){ref-type="fig"}, [Table 2](#table-2){ref-type="table"}). We report the average carbon stored per region and standard error as a measure of data dispersion

![Cartographic representation of climate regions acording to humidity ranges and hydrography of Mexican coastal areas; information of data number (*n*) for mangrove (M) and seagrass (S) at each region is provided.\
Reference data provided by [@ref-26]. Based on [@ref-78] for hydrology; and [@ref-43] for humidity ranges. Geographic Coordinate System, Datum WGS84.](peerj-08-8790-g002){#fig-2}
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###### Characterization of the blue carbon ecosystems in Mexico by regions.
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  Region              States   Climate   GT     HT     Mangrove species   Seagrasses species   Surf. Salinity   Int. Salinity   *n* Mangrove   *n* Seagrasses
  ------------------- -------- --------- ------ ------ ------------------ -------------------- ---------------- --------------- -------------- ----------------
  North Pacific       B.C.                             *Ag\**                                                                                  
                      B.C.S.   VA\*      CL\*          *Rm\**             *Rm*                                                  A:13           A:22
                      Son.     A         SM     2\*    *Lr*               Zm                   34.5 (34--37)    60.6            B:28           B:9
                      Sin.     SH        RE            *Ce*                                                                                    
                      Nay.                                                                                                                     
  Central Pacific     Jal.                             *Rm\**                                                                                  
                      Col.     SH\*      RE\*   ND     *Lr\**             ND                   ND               49.7 (35--78)   A:6            ND
                      Mich.              CL            *Ag*                                                                     B:5            
                                                       *Ce*                                                                                    
  South Pacific       Guerr.                           *Ag\**                                                                                  
                      Oax.     SH        RE\*   ND     *Rm\**             ND                   ND               32.6 (8--38)    A:69           ND
                      Chiap.   H\*       CL            *Lr Ce*                                                                  B:30           
  Gulf of Mexico      Tam.     A                       *Ag\**             *Hb*                                                                 
                      Ver.     SH\*      RE\*   1\*    *Rm\**             *Hw*                 33.1 (11--38)    20.9 (3--69)    A:170          A:60
                      Tab.     H         CL     2      *Lr*               *Rm*                                                  B:43           B:45
                                                       *Ce*               *Sf*                                                                 
                                                                          *Tt*                                                                 
  Yucatan Peninsula   Camp.    A         KS\*          *Rm\**             *Hw*                                                                 
                      Yuc.     SH\*      CL     1 \*   *Lr\**             *Sf*                                                                 
                      Q. Roo   H         RE     2\*    *Ag*               *Tt*                 37.7 (18--50)    39 (0.5-86)     A:129          A:254
                                                       *Ce*               *Rm*                                                  B:116          B:221

**Notes.**

Regions accoriding to [@ref-27]. Climates are based on humidity ranges (H:Humid, SH:Sub-Humid, SA:Semi-arid, A: Arid). Geomorphological types (GT) are: Coastal lagoon (CL), Salt mash (SM), River-estuarine system (RE) and Karst system (KS). Hydrodynamic types (HT) are open (1) and closed (2). The mangrove species are: Avicennia germinans (Ag), *Rhizophora mangle* (Rm), *Laguncularia racemosa* (Lr), *Conocarpus erectus* (Ce). The Seagrass species are: *Rupia maritima* (Rm), *Zostera marina* (Zm), *Halodule beaudettei* (Hb), *Halodule wrightii* (Hw), *Syringodium filiforme* (Sf), *Thalassia testudinum* (Tt). \* indicate dominance. ND, No data. n, number of observations of above ground (A) and below ground (B) C stocks.

The estimation of the GHG emission pattern due to the loss of mangrove coverage was performed based on factors recommended by the [@ref-59] and [@ref-53]. The extension changes in mangroves for each region was taken from [@ref-117] who accomplished a national mapping using remote sensing data validated by more than 1,000 verification points and 69,000 vertical aerial photographs ([@ref-100]; [@ref-117]). The CO~2~e emissions by mangrove loss were estimated according to the average carbon stored per region and mangrove lost area. The mangroves CO~2~e emissions were estimated by regions during 1970 and 2015 time period using a conservative approach in which a loss of 25% of the C~org~ store is assumed in response to land use change ([@ref-92]).

To present an evaluation of the uncertainty of the data in this synthesis, the author Jorge Montero analyzed the carbon stock values of mangroves and seagrasses by region and nonparametric bootstrap confidence intervals were calculated using the method of adjusted bootstrap percentile (BCa, with *B* = 10,000) and bootstrap variance estimator. The BCa values were calculate using the boot.ci function in R software and library boots ([@ref-19]). The uncertainty was calculated using the bootstrap standard error and 95% confidence interval for z normal distribution and expressed as a percentage based on the average value.

Results and Discussion
======================

Study selection
---------------

We identified 176 articles based on the search criteria; however, 50 articles were deemed inappropriate and were not used in the final analysis. Thus, a total of 1,220 data points were extracted from 59 sources for seagrasses and 67 sources for mangroves, and they were used to assess Mexican blue carbon stocks. From the first 176 articles selected, 50 were screened out, remaining 126 articles which meets the quality and requirements for this study ([Fig. 1](#fig-1){ref-type="fig"}). Data on carbon fluxes were scarce, evidencing the research needs in this area. To improve the accuracy of the influence from land use on ecosystem carbon dynamics, studies which include measurements of stocks and changes along the soil profile are required ([@ref-63]). With respect to seagrasses, difficulties involved in mapping the marine environment coupled with gap information in the legislative seagrasses' framework of Mexico have resulted in limited knowledge regarding seagrass distribution. However, the researchers and national institutions efforts in recent years entails the first official numbers for the seagrass cover in the Gulf of Mexico.

Synthesis of mangrove stocks by above ground and below ground compartments
--------------------------------------------------------------------------

The average above ground tree biomass was 113.6 ± 5.2 Mg C~org~ ha^−1^, while the average below ground C~org~ (soils and roots) was 385.2 ± 22 Mg C~org~ ha^−1^, for a combined total of 498.8 Mg C~org~ ha^−1^. The below ground mean C~org~ consisted of approximately 77% of the total C~org~ stock for Mexico. This value is consistent with other reports for the C~org~ stocks in Mexico, which vary between 364 Mg C~org~ ha^−1^ and 442 Mg C~org~ ha^−1^ ([@ref-48]; [@ref-1]). Similar to the present work, both studies used literature and original data, suggesting that the real value of the total C~org~ stock of Mexico's mangrove is approximately 434 Mg C~org~ ha^−1^, which is a below global average that was reported elsewhere as ranging from 885 to 937 Mg C~org~ ha^−1^ and less than Tier 1 default mangrove's values reported by the IPCC (511 Mg C~org~ ha^−1^). Differences among reports and Tier 1 estimations are largely due to the underestimation of soil carbon stocks in global studies ([@ref-32]; [@ref-10]; [@ref-52]; [@ref-63]). In the case of this systematic review, the soil C~org~ content available in the literature only includes the first 30 cm (soil deep), and the standardized 1 m values rank from \<10 to 2,233 Mg C~org~ ha^−1^ ([Table 3](#table-3){ref-type="table"}). In general, the low values must be taken with caution as the largest C~org~ stock of those soils could be deeper than 30 cm; thus, more work on soil profiles is required according to the protocols in the cited studies for the diverse blue carbon environmental settings of Mexico.

10.7717/peerj.8790/table-3

###### C~org~ stocks in mangroves and seagrasses by Mexican geographic regions.

The values represent C~org~ average ± SE (minimun--maximun) of aboveground, belowground and total carbon per unit of area (Mg C~org~ ha -1). Uncertainty (%) for mangroves and seagrasses.

![](peerj-08-8790-g011)

  Region              Mangroves                                          Seagrasses                                                                                                        
  ------------------- ------------------------ ------------------------- ------------------------- ------ ---------------------------- ------------------------- ------------------------- ------
  North Pacific       58.9 ± 12 (3.8--162)     270 ± 52 (45.3--893)      204.9 ± 40 (15.5--893)    39.6   0.65 ± 0.49 (0.03--2.17)     70.9 ± 96 (0.08 -243)     26.1 ± 13 (0.031--243)    93.7
  Central Pacific     117.0 ± 38 (15.1--270)   112.2 ± 0.0 (73.7--214)   210.5 ± 50 (15.1--382)    42.3   ND                           ND                        ND                        ND
  South Pacific       154.8 ± 15 (14.0--408)   663.1 ± 51 (121--1161)    397.1 ± 45 (14.1--1433)   22.2   ND                           ND                        ND                        ND
  Gulf of Mexico      152.3 ± 15 (0.6--458)    438.1 ± 76 (9.8--2003)    244.2 ± 24 (0.66--2233)   19.9   1.04 ± 1.09 (0.003--6.7)     86.8 ± 88 (0.03-299)      66.1 ± 10 (0.003--299)    64.5
  Yucatan Peninsula   76.9 ± 8 (0.1--451)      353.8 ± 18 (23.7--1085)   348.9 ± 21 (4.6--1201)    12.1   0.73 ± 1.24 (0.00007--7.6)   140.8 ± 116 (0.02--757)   113.7 ± 7 (0.00007-758)   24.2

The mean downed wood stock was 15.19 ± 4.1 Mg C~org~ ha^−1^ and represented up to 12% of the C~org~ above ground reservoir. The root component represented 5--9% of the underground C~org~ stocks, with an average of 26.6 ± 2.8 Mg C~org~ ha^−1^. Fine roots should be considered as an important component of underground C~org~ sequestration due to the high productivity and decomposition rates ([@ref-6]; [@ref-91]). Few studies have demonstrated that the below ground fine root biomass contribute significantly (\>20%) to the below ground live C~org~ stock in mangrove forests ([@ref-6]; [@ref-98]; [@ref-104]). This component is not just important for C~org~ inventories, although their turnover rates contribute to a high C~org~ capture, which is why we consider them as a part of the subterranean carbon analysis.

Synthesis of carbon stocks in mangroves by region and humidity range
--------------------------------------------------------------------

The South Pacific presents the largest above ground and below ground stock means of C~org~ (154. 8 ± 15 Mg C~org~ ha^−1^ and 663.1 ± 51 Mg C~org~ ha^−1^); the North Pacific registered the lowest stock above ground average of C~org~ (58.9 ± 12 Mg C~org~ ha^−1^), and the Central Pacific presented the lowest below ground C~org~ stock average (112.2 Mg C~org~ ha^−1^) ([Fig. 3A](#fig-3){ref-type="fig"}). In the South Pacific region, the humid climate and geomorphological features create a hydrological condition that favors the development of tall mangrove forests, reaching the maximum diversity. In contrast, the Central Pacific and North Pacific coast account for a narrow continental shelf under arid or semi-arid conditions and few intertidal areas, which reduces the number of habitats available for mangroves and provides less favorable conditions for C~org~ storage. The uncertainty value recorded for the Central Pacific region (42.3%) was associated with the scarce literature registered for this region.

![Variation in the partitioning of above and below ground contribution to the total C~org~ stocks in Mexican mangroves, according to grouping type criteria.\
Mexican C~org~ stocks for mangroves per unit of area in Mg ha^−1^, according to: (A) Geographic regions: North Pacific (NP), Central Pacific (CP), South Pacific (SP), Gulf of Mexico (GM) and Yucatan Peninsula (YP). (B) Climate humidity ranges. (C) Mangrove ecological type. The stocks were divided by above (litter, live and dead biomass) and below (roots and soil) ground components. Error Bars represents SE. Note the different scales used in above and below ground C~org~ stocks.](peerj-08-8790-g003){#fig-3}

Meanwhile, the uncertainty of the regions of the Gulf of Mexico and the Yucatan Peninsula was low ([Table 3](#table-3){ref-type="table"}), and the uncertainty results indicate that the database for these regions is robust for country- and global-scale analyzes.

The downed wood biomass for carbon estimation was considered only for the Gulf of Mexico, Yucatan Peninsula and South Pacific regions ([Fig. 3A](#fig-3){ref-type="fig"}) due to its relevance as a source of carbon in sites exposed to hydrometeorological impacts, such as hurricanes and storms. Thus, this component is important in these regions where the frequency and intensity of these events is expected to increase in the face of climate change ([@ref-7]).

The underground mangrove C~org~ storage of this synthesis varies between 48.8 and 82.1% of the total ecosystemic C~org~. The lowest values correspond to the Central Pacific region, while the largest comes from South Pacific region. Above ground and below ground stocks could be related to high precipitation and allochthonous C~org~ from river inputs, respectively ([@ref-2]; [@ref-34]). Additionally, dominant riverine-estuarine of the South Pacific region promote a greater contribution of runoff sediments (allochthonous) ([Table 3](#table-3){ref-type="table"}). The lowest below ground C~org~ stocks in the Central Pacific region is related to the small number of studies as well as the geomorphological settings which distress the mangrove distribution and structure ([Table 3](#table-3){ref-type="table"}).

According to the humidity range, the largest total C~org~ storage was recorded for the humid climate at 368 ± 35 Mg C~org~ ha^−1^; the lowest value was located in the arid climate at 196 ± 22 Mg C~org~ ha^−1^. The highest values in the below ground C~org~ storage was from the humid climate at 512.3 ± 53 Mg C~org~ ha^−1^ ([Fig. 3B](#fig-3){ref-type="fig"}). Regarding the ecological mangrove, the Peten (hammock) type presented the highest C~org~ stock (728 ± 230 Mg C~org~ha^−1^), of which 84% (932 ± 105 Mg C~org~ ha^−1^) belonged to the underground compartment ([Fig. 3C](#fig-3){ref-type="fig"}). The freshwater inputs (springs) from karst soil fractures favored low water stress and high content of nitrates ([@ref-49]). In contrast, dwarf mangrove exhibited the lowest C~org~ stock value (267 ± 22 Mg C~org~ ha^−1^) associated with locations where low phosphorus content limits the absorption of nutrients, which are scarce due to the absence of external sources such as rivers and the calcareous nature of the rock.

According to the extension and ecosystem C~org~ mean ([Tables 1](#table-1){ref-type="table"} and [3](#table-3){ref-type="table"}), the mangroves constitute a reservoir for Mexico of approximately 237.7 Tg C~org~ or 872.3 Tg CO~2~e. By region, the results indicate that the Yucatan Peninsula shows the highest reservoir of C~org~ (148.2 Tg) ([Fig. 4](#fig-4){ref-type="fig"}) while the Central Pacific region accounts for the smallest C~org~ stocks (1.4 Tg). It is important to mention that the South Pacific has the highest average stock of C~org~ ([Table 4](#table-4){ref-type="table"}), although its mangrove spatial cover is low ([Table 4](#table-4){ref-type="table"}). The importance of mangroves in the Yucatan Peninsula is not related to the forest structure, although they do cover a large area, which constitutes 51% of the total area of mangroves in Mexico. This region is characterized by a low inland topography and high groundwater influence due to the shallow water table (\<1 m), thus allowing for the creation of subterranean estuaries that support mangrove over more than 20 km inland ([@ref-49]).

![Mangroves C~org~ stocks by geographic regions of Mexico.\
Data represent the total mangroves pool resulting from the cover extent and regional geographic differences in C~org~ stocks per unit of area. Data units are in Teragrams (1Tg = 1,000,000 Mg). Geographic Coordinate System: WGS 84. Reference cartography of geographic regions and mangrove extent, from [@ref-57] and [@ref-26].](peerj-08-8790-g004){#fig-4}

Improving and reforming the policy and legal framework for mangroves from a socioecological point of view is needed in order to restrict and regulate human activities that cause the degradation of these ecosystems. Such restrictions will alleviate the conflict of interest in Mexican coastal zones among conservation and economic activities (mainly aquaculture and tourism).

Although data related to averages and regions are generally reported, it is important to highlight that basic information of C~org~ storage is unknown in mangrove areas. Although averages are used for the estimation of C~org~ at the ecosystem level, the heterogeneity of the data among regions indicates that site-specific evaluations are still required to represent the variability and reduce uncertainty in the estimations ([Table 3](#table-3){ref-type="table"}). This information is essential for including these ecosystems in payment mechanisms for environmental services, as well as voluntary carbon markets ([@ref-71]).

10.7717/peerj.8790/table-4

###### Summary mangrove and seagrasses C~org~ stocks acording to the cover extent. Estimated mangrove emissions are shown with their associated land use change per geographic region.

Mangrove emissions were calculated for the time period 1970-2015 ussing a conservative approach of 25% loss of the total storage. Main factors of change: 1. Aquaculture farms and artificial ponds, 2. Construction areas, 3. Hydraulic infrastructure, 4. Communication routes, 5. Industrial zones and 6. Turistic zones (from [@ref-117]).

![](peerj-08-8790-g012)

                      MANGROVES   SEAGRASS                                    
  ------------------- ----------- ---------- -------- ------ ------ --------- ------
  North Pacific       187,383     38.3       10,512   1.9    1, 4   47,400    1.2
  Central Pacific     7,011       1.4        9,464    1.8    2, 4   ND        ND
  South Pacific       72,187      28.6       26,563   9.6    3, 5   ND        ND
  Gulf of Mexico      87,048      21.2       2,602    0.5    1, 4   341.9     0.02
  Yucatan Peninsula   421,926     148.2      31,709   10.1   2, 6   413,317   46.9

Synthesis of carbon stocks in seagrasses by region
--------------------------------------------------

The extent of seagrasses considered in this study was 461,058 ha distributed in three regions of Mexico: Yucatan Peninsula (89.6%), Gulf of Mexico (0.1%) and North Pacific (10.3%). According to the analysis of the data collected from the C~org~ stocks, the average above ground stock per unit area was 0.78 ± 1.19 Mg C~org~ ha^−1^ and129.21 ± 113.4 Mg C~org~ ha^−1^for below ground areas, and the total C~org~ stock for Mexico was 130 Mg C~org~ ha^−1^. This value is slightly lower than that reported by [@ref-93] for tropical meadows (138 ± 8.6 Mg C~org~ ha^−1^). The C~org~ stocks from the live biomass of seagrasses have been estimated at 2.52 ± 0.48 Mg C~org~ ha^−1^, of which 75% is composed by roots and rhizomes ([@ref-37]). For sediments, the reported stocks vary from 9.1 to 628.1 Mg C~org~ ha^−1^, with a conservative average of 139.7 Mg C~org~ ha^−1^ ([@ref-37]). The estimations of seagrass C~org~ stocks are highly variable because they depend on the species, the local environment and the seasonality of the survey ([@ref-76]). In Mexico, the average stock of C~org~ for living above ground (mainly leaves) was 0.78 ± 1.19 Mg C~org~ ha^−1^, although high variability was observed ([Table 3](#table-3){ref-type="table"}).

Regionally, the largest C~org~ stocks per unit area were registered in the Yucatan Peninsula and smaller ones were observed in the North Pacific ([Fig. 5](#fig-5){ref-type="fig"}) where the greatest value of uncertainty was recorded ([Table 3](#table-3){ref-type="table"}). Our results for Yucatan Peninsula were higher than that reported by [@ref-112] for the Yucatan Peninsula (17.5 Mg C~org~ ha^−1^). The wide continental shelf and coastal geomorphology favored semiclosed or protected water bodies (bays and coastal lagoons) and zones with a low intensity of water currents, as in the north and west coast of the Yucatan Peninsula ([@ref-49]), where the highest total C~org~ stocks (113.7 ± 7 Mg C~org~ ha^−1^) were found. However, the Pacific coast reported the lowest total C~org~ stocks (26.1 ± 13 Mg C~org~ ha^−1^), which was most likely related to the physical characteristics of the region, such as narrow continental shelf and high discharge of rivers that are sources of sediments leading to high turbidity in the coastal waters ([@ref-70]). The differences in the dominant hydrological conditions of each site could be playing an important role in the carbon reservoir of this region, and they also partially explain the high uncertainty values (24.2% -93.7%) of the seagrasses carbon stocks ([Table 3](#table-3){ref-type="table"}). Regarding to the Gulf of Mexico's seagrasses, our study reports a total C~org~ stocks (66.1 ± 10 Mg C~org~ ha^−1^) which is higher than reported by [@ref-111] for this area (25.7 ± 17.7 Mg C~org~ ha^−1^).

![Partitioning of Seagrasses's C~org~ average stocks in above and below ground for each Mexican geographic region.\
Mexican seagrasses's C~org~ stocks per unit of area in Mg ha^−1^. Soil stocks were standarized to 1m depth. The stocks were divided by above and below ground components. Error bars represents SE. Note the different scales used in above and below ground C~org~ stocks.](peerj-08-8790-g005){#fig-5}

Efforts to study seagrasses in Mexico extend back to the 1950s; however, it has not been possible to determine the national extent with precision. This is a crucial knowledge gap as changes in extent are required to estimate carbon stocks as well as emissions. The methodological difficulties for characterization of the marine environment in addition to the legal abandonment by the Mexican environmental authorities, are reflected in the variability of the seagrass extensions reported by different Mexican sources ([Table 1](#table-1){ref-type="table"}). The geographic regions with the largest amount of data to estimate the blue carbon storage were the Yucatan Peninsula and the Gulf of Mexico. The Pacific Center was the region with scarce information for blue carbon estimations. The Central Pacific and South Pacific regions did not present representative areas of seagrass distribution ([@ref-21]). In this sense, regionalization allows researchers to distinguish climate, geomorphological, environmental, seagrasses species and human use differences that have not been previously evaluated but certainly are drivers that impact the carbon storage capacity ([Table 2](#table-2){ref-type="table"}). Coastal lagoons and arid climate dominate the North Pacific, while the Central Pacific, Southern Pacific and Gulf of Mexico regions present riverine-estuarine systems with a sub-humid climate as dominant settings; finally, the Yucatan Peninsula region is characterized by karst systems with groundwater discharges ([@ref-51]; [@ref-70]). The information generated for blue carbon ecosystems is not homogeneous for C~org~ components (above and below ground) or in the different regions of the country, and research in each region is required to reduce the estimated uncertainty ([Tables 2](#table-2){ref-type="table"} and [3](#table-3){ref-type="table"}).

Thus, according to our study, the estimated country stock for seagrasses is 48.1 Tg C~org~ and the Yucatan Peninsula contribution is close to 97% ([Fig. 6](#fig-6){ref-type="fig"}); therefore, the conservation and application of restrictive policies on activities that impact the seagrasses in this region must be prioritized, particularly due to the conflicts of interest with the tourism sector.

![Seagrasses's C~org~ stocks by geographic regions of Mexico.\
Data represent the total seagrasses's pool resulting from the cover extent and regional geographic differences in C~org~ stocks per unit of area. Data units are in Teragrams (1Tg = 1,000,000 Mg). Geographical Coordinates Systems. Datum: DWGS 1984. Reference cartography of geographic regions from : [@ref-57], and seagrasses extent from [@ref-40] and [@ref-41].](peerj-08-8790-g006){#fig-6}

Mexico's blue carbon in context
-------------------------------

The climate and geomorphology of water bodies along the coasts of each country region have resulted in hydrological differences related to fresh water inputs, hydroperiods, tidal ranges, hydrodynamics, and nutrient supplies and the presence of stressors that could influence the stocks and flux (import/export rates) of C~org~ in mangroves and seagrasses ([@ref-121]; [@ref-114]; [@ref-37]; [@ref-81]).

For mangroves, the environmental heterogeneity ([Table 2](#table-2){ref-type="table"}) results in equally variable C~org~ stocks ranging from \<10 to 2,233 Mg C~org~ ha^−1^. This high variability has been reported around the world ([Fig. 7](#fig-7){ref-type="fig"}). Low C~org~ stocks characterize the arid region of Saudi Arabia (24.71 Mg C~org~ ha^−1^, ([@ref-8]), while high values are often reported for very humid regions, such as Indonesia (1,691 Mg C~org~ ha^−1^, [@ref-11]) and Micronesia (1,385 Mg C~org~ ha^−1^, [@ref-65]). At the country level, below ground C~org~ stocks values are up to 1,300 Mg C~org~ ha^−1^ (sample depth 2.3 m) in arid climates, such as the Mexican Northern Pacific region according to [@ref-34]. Isotope analyses of *δ*^14^C and *δ*^13^C in mangrove soil from the Pacific coast of Mexico suggest that peat formation and vertical accretion tend to develop in topographically constrained mangroves, and most of the soil C~org~ of mangroves seems to derive from *in situ* production in ecosystems without riverine influence ([@ref-2]; [@ref-34]). These findings suggest that in addition to regional characteristics ([Table 2](#table-2){ref-type="table"}), local variables, such as the hydroperiod, allochthonous nutrient inputs, and geomorphological history of the site, play important roles in the sequestration and storage of below ground C~org~ in mangroves. Therefore, considerable work is required to examine the interactions among these variables and the C~org~ measurements of the entire soil profile.

![Worldwide average comparison of C~org~ stocks per unit of area in mangroves.\
Data in Mg per unit of area (ha). Black bars correspond to data from Asia (data reported by [@ref-65]; [@ref-72]; [@ref-105]; [@ref-95] and [@ref-8]). Dark gray bars correspond to data from Africa ([@ref-60]). Light gray bars correspond to data from America ([@ref-66]; [@ref-15]; [@ref-62] and [@ref-112]). Red bar corresponds to data from Mexico obtained in this study.](peerj-08-8790-g007){#fig-7}

Regarding seagrasses, Mexico ranks fourth (130 Mg C~org~ ha^−1^) in terms of carbon stock per unit area (ha) ([Fig. 8](#fig-8){ref-type="fig"}), which is lower than the upper boundary of the global average C~org~ stock described in the literature for the Mediterranean region (375 ± 114 Mg C~org~ ha^−1^) and south Australia (270 Mg C~org~ ha^−1^) ([@ref-37]). An important factor to consider for seagrass carbon stocks at the worldwide level is the longitudinal factor. [@ref-106] reported four temperate regions (including the Mediterranean) and two tropical regions based on assemblages of taxonomic groups and physical separation. These characteristics among others, such as local hydrodynamics, determine the C~org~ sequestration rate and stocks of seagrass meadows (both aerial and sediment). In general, Mediterranean and tropical regions (western Atlantic, south Australia) present optimal storage conditions for large amounts of C~org~ in comparison to temperate regions (north Atlantic, north Pacific). The Mediterranean is a very well-studied region that presents vast deep meadows with a moderate diversity of a temperate/tropical mix of seagrasses (9 species) growing in clear water. There are different factors that could favor the large stocks; for example, the ecological structure or composition, the architecture of the dominant endemic and deep-growing species *Posidonia oceanica*, which forms a root and rhizome "mat" that could be several meters deep and thousands of years old and is an inherent characteristic in addition to the semi closed geomorphology of the Mediterranean that favors the large C~org~ stocks observed in that region.

![Worldwide average comparison of C~org~ stocks per unit of area in seagrasses.\
Data in Mg per unit of area (ha). Black bars correspond to average data from sites located in the Atlantic sea region (constructed from [@ref-37]; [@ref-38] data); light gray represent data from Pacific Region sites ([@ref-37]; [@ref-38]); dark gray bar represent data from Australia ([@ref-37]; [@ref-38]) and finally, red bar corresponds to Mexico (total result from the addition of above and below ground total averages).](peerj-08-8790-g008){#fig-8}

In Mexico the current extent of seagrasses must be understood as the result of additive factors, such as regional and local environmental particularities and human impacts, on the coastal zone. Environmental heterogeneity represented in the country regions, such as differences in the tidal range, wave energy, transparency, water temperature, salinity and nutrient inputs from inland freshwater (rivers or groundwater), drive seagrasses distribution, composition and structure as well as soil processes that indicate the capacity for capturing carbon by seagrasses. Human activities in the Pacific, Gulf of Mexico and Yucatan Peninsula regions influence the C~org~ stocks, which vary from 26.1 to 113.7 Mg C~org~ ha^−1^ ([Table 3](#table-3){ref-type="table"}). The heterogeneity of Mexican seascapes and hydrogeologic characteristics provided along the 11,000 km of coasts account for coastal lagoons, bays and shallow coastal zones, which are suitable for seagrasses habitat development.

In the Yucatan Peninsula, a wide continental shelf with a low slope and depths of less than 10 m away from the coast to more than 20 km represent the conditions for storing large C~org~ stocks. Conversely, the lower C~org~ stocks are usually located at sites with high hydrodynamic energy, lower transparency and greater seasonal variation in water temperature, such as those observed in the North Pacific region ([@ref-13]).

These findings support the need for higher-level analyses of the variables related to the capture and storage capacity of C~org~ from blue carbon ecosystems at the locality or specific site scale and even at the global scale. Factors such as climate and geomorphology have been previously identified to be key variables ([@ref-102]; [@ref-115]). However, in this synthesis, the local scale characteristics related to nutrient inputs and hydrology, especially the time of flooding in mangroves, micro climatic conditions, coast geomorphology, as well as hydrodynamics, dominant species, and type of sediment for seagrasses, suggested that all of these could be important characteristics favoring the variability observed in C~org~ stocks of mangroves and seagrasses. The evaluation of blue carbon ecosystems at the local scale is the baseline, before evaluating the feasibility of including these ecosystems in a national environmental compensation scheme, payment for ecosystem services or carbon markets. In this work, great variability of the C~org~ reservoirs was observed according to the region and climate, and site-specific variables, such as species, temperature, source of water, porewater salinity and hydroperiod, could be associated with their capacity to store and sequester C~org~. The addition of this information will provide a better understanding of the process related to C~org~ sequestration and storage capability, which will be a useful input for direct conservation planning as well as management and restoration plans at country, regional and local levels ([@ref-39]).

Synthesis of the blue carbon fluxes in Mexican coastal ecosystems
-----------------------------------------------------------------

For greenhouse gas emissions due to the loss of mangroves, the results showed that the highest emissions occurred in the regions with the greatest loss of mangrove: The Yucatan Peninsula has contributed the most (10.1 Tg CO~2~e), followed by the South Pacific region (9.6 Tg CO~2~e). The Gulf of Mexico has the lowest contribution to CO~2~e emissions due to mangrove loss (0.5 Tg CO~2~e). It is important to highlight that mangrove cover in Central Pacific has shown the greatest loss over the last 45 years; however, its emissions are lower due to the low storage capacity per hectare ([Table 3](#table-3){ref-type="table"}). According to [@ref-117], the main factors underlying the change in the mangrove ecosystem in Mexico are related to anthropogenic activities, such as aquaculture and coastal urban development (mainly tourism); however, the impact is variable according to the intensity, extent and region in which they develop ([Table 4](#table-4){ref-type="table"}).

Studies related to emissions from mangroves to grassland conversion results in 786 to 2,173 Mg CO~2~e ha^−1^ ([@ref-67]), which are higher than those estimated in this study due to a more conservative approach ([Table 4](#table-4){ref-type="table"}). However, the mangrove loss due to their conversion to shrimp farms leads to an estimated emission of 2,637 Mg CO~2~e ha^−1^, which represents an increment up to 80% ([@ref-66]). Therefore, it is important to strengthen the research on the specific impact of the activities carried out in each region, which will allow researchers and resource managers to determine estimated emission factors per activity and identify where the conservation and restoration actions are a priority in order to preserve the ecosystem service of emission avoidance ([@ref-110]). Mangrove restoration success is largely related to hydrologic improvements, which favor soil accretion rates. The main co-benefits associated with restoration activities are the less vulnerable and more resilient mangroves and human communities to sea level rise and the enhancement of biodiversity, including the reincorporation of ecologically and commercially important species of mollusk, fish, and birds ([@ref-12]).

For seagrasses, disturbance represents a significant loss of the total carbon stock, which contributes to CO~2~e emissions due to the argumentation of oxidative processes of the organic matter ([@ref-87]) by unburied sediment ([@ref-79]). Few studies have been conducted to assess the contribution of CO~2~e emissions to the atmosphere attributed to the loss of the seagrass cover, despite the high worldwide deterioration of seagrasses ([@ref-119]) over recent decades. Nevertheless, a loss of 2.63% and up to 3.37% ([@ref-74]) of the total stock has been estimated due to the loss of seagrass cover resulting from water quality deterioration and beach erosion, respectively.

Based on the average values of CO~2~e emissions reported in the literature, and due to the lack of direct measures of this process in Mexican seagrasses ecosystems, our first approach to examining potential emissions for seagrasses ranges from 5.81 to 7.44 Tg CO~2~e considering the loss of 463,240.6 ha of seagrasses according to the extensions reported over 12 years (2006-2018); however, this value should be interpreted with caution due to the lack of systematic monitoring of the seagrass cover. The incorporation of remote sensing in seagrass surveys and mapping methodologies ([@ref-84]; [@ref-23]) as well as the development of new and less expensive remote sensors or equipment such as SENTINEL 2a and unmanned aircraft system (drone) make it possible to improve the distribution maps of marine landscapes in the near future.

An important issue is the vertical and lateral carbon flux such as the capture and exchange of methane (CH~4~), particulate organic carbon (POC) and dissolved organic carbon (DOC), which are currently carried out in mangroves. Nevertheless, carbon flux is estimated via the measurement of ecosystem productivity, and despite mangroves being key suppliers of organic carbon to the adjacent coastal systems and being the basis of the theory of "outwelling" proposed by [@ref-89], the number of quantitative estimations remains scarce.

In a review of 16 studies on mangrove litterfall in Mexico, the average estimated was 4.3 ± 0.6 Mg C~org~ ha^−1^ y^−1^ ([@ref-48]), which is close to the estimated interval from global litterfall mangrove measurements ranging from 4.3--4.8 Mg C~org~ ha^−1^ y^−1^ ([@ref-54]; [@ref-123]). Regionally, the highest average occurred in the South Pacific (6.7 Mg C~org~ ha^−1^ y^−1^), while the lowest was recorded in the Central Pacific (1.5 Mg C~org~ ha^−1^ y^−1^). Air temperature and precipitation are the main variables related to these regional differences as litterfall production is coupled to rain ([@ref-103]).

In Mexico, predicting changes in litterfall associated with environmental variations or land use is difficult. Flux studies associated with litterfall that have reported environmental settings that include the hydroperiod, porewater or soil characteristics and macro and microbiota information are scarce. The environmental context as well as certain biota groups, such as bacteria, fungus, crabs, or worms, could determine the litterfall C~org~ flux. Hydroperiod is considered the main source of variation for litter in fringe mangrove forests ([@ref-90]; [@ref-113]), but detritivore biota such as crabs and bacteria play a similar role in the inland wetlands. It was estimated that litter removal by crabs could be 33 to 77% of the total annual litterfall from the forest floor, promoting low standing stocks of litter and fast rates of leaf removal ([@ref-99]). Thus, in addition to the importance for C~org~ flux, understanding the environmental and biological interactions regulating litterfall decomposition will also help us to comprehend the role of soil organic matter in accretion and accumulation processes in the face of sea level rise ([@ref-73]).

Regarding mangrove swamps as a source of CH~4~ emissions, only one study has been conducted in tropical coastal lagoons in the Yucatan Peninsula region ([@ref-24]). The findings revealed diffuse fluxes of CH~4~ from the surface water of the lagoon to the atmosphere that varied between 1.3 × 10^−4^ and 0.876 Mg CH~4~ha^−1^ y^−1^, suggesting that coastal lagoons surrounded by mangroves could be important natural sources of CH~4~. Another aspect to consider is that CH~4~ emissions may be greater in mangroves under disturbance conditions ([@ref-92]).

In relation to the exchange of DOC and POC between the mangrove and the adjacent water body (river, coastal lagoon, sea), the generated data remain scarce except for the study by [@ref-18], who reported exchange values between the fringe mangrove and a coastal lagoon of the Yucatan Peninsula region of 6.8 g DOC m^2^ y^−1^ and 76.7 g DOC m^2^ y^−1^. This range of DOC exchange values is based on values reported for karst sites (≈ 0.46 to -108 g DOC m^2^ y^−1^) ([@ref-4]). Regarding the POC, the exportation values (59.1 ± 88 g POC m^−2^ y^−1^) were lower than the average estimated in a mangrove located in river geomorphological areas, such as Papua New Guinea (285 g POC m^−2^ y^−1^) ([@ref-97]). The variability observed in the DOC and POC exchange data is related to the hydrological, climatic, and biotic differences that occur within the water column at each site as well as the different methodologies used.

Most of the studies in Mexico lack environmental information (interstitial salinity, soil nutrients, hydroperiod), and the role of the freshwater inputs via groundwater is poorly understood. Environmental information could explain geochemical processes in soil and plant exposition to stressors resulting in changes in the flux and stocks of organic carbon ([@ref-30]; [@ref-107]; [@ref-29]).

Mexican policy for blue carbon ecosystems
-----------------------------------------

In the face of climate change, Mexico has joined international efforts to protect and restore blue carbon ecosystems ([@ref-116]). In this sense, knowledge of the benefits provided by the sequestration and storage of carbon in mangroves and seagrasses as well as the amount of environmental services they provide represents baseline information that is required for the planning, management and prioritization of activities related to the conservation and restoration of these coastal ecosystems.

Mexico has ratified the United Nations Framework Convention on Climate Change (UNFCCC) the agreement, which includes coastal blue carbon ecosystems as climate mitigation and adaptation solutions in its National Determined Contributions (NDCs) ([@ref-80]). Even in Mexico's NDCs, the term "blue carbon" is not mentioned itself; however, the federal government considers coastal wetlands as part of its general mitigation aims, recognizes the benefits of coastal wetlands in the mitigation and adaptation of GHGs, and includes coastal wetlands as adaptation solutions. Mexican NDCs actions include the conservation, management, protection and restoration of wetlands, such as mangroves, seagrass and other coastal and marine ecosystems, which are also considered in conservation and recovery schemes. In Mexico, the implications and capabilities of reporting mangrove and seagrasses carbon storage by the official institution (Comision Nacional Forestal, CONAFOR) through the national greenhouse gas inventory report is currently being evaluated by the federal government, which would position Mexico at the level of Australia in the blue carbon mitigation NDCs context.

At the national level, mangroves and seagrasses ([@ref-31]) are immersed in different conservation schemes, and their management is controlled mainly by the federal government via different agencies with interventions directly or indirectly in these ecosystems, such as the Ministry of Environment and Natural Resources (SEMARNAT), National Water Commission (CONAGUA), and National Forestry Commission (CONAFOR), among others. Regardless, mangrove and seagrasses losses caused by anthropogenic activities are increasing due to gaps and legal contradictions that allow land use changes mainly for road construction and the development of economic activities of high economic impact, such as aquaculture and tourism.

Mexican legislation has recently established national policy instruments on climate change ([@ref-31]), which include prioritizing the sectors with the greatest emission reduction potential. The 5th Communication of Mexico to the IPCC was a precedent for blue carbon ecosystems as an important component of GHG emission reduction policies. Such work has permeated to the research priorities in Mexico, and scientific work related to blue carbon has grown from 2013, including the important elements included in this work. However, the first actions to harmonize the instruments of public policy based on science and compliance at the three levels of government are just taking place. The sites around natural protected areas seem to be natural pilot sites for the implementation of conservation projects and restoration of blue carbon ecosystems as determined by the consensus of authorities, users, academia and NGOs. Studies in mangrove protected areas have revealed high C~org~ stocks (from 663 to 1, 358 Mg C~org~ ha^−1^) ([@ref-3]; [@ref-7]; [@ref-5]; [@ref-67]). However, it is important to consider that not all protected natural areas are effective or sufficient given the magnitude of biological diversity, competence and need to maintain other land uses ([@ref-22]).

A national regulatory framework offers opportunities for the creation of public mitigation policies aimed to quantify and check the GHG emissions, as well as direct and promote actions to increase carbon budget, stop and reverse coastal ecosystems deforestation and degradation. The incorporation of the concept "blue carbon economy" in the public policy related to climate change through mechanisms based on the carbon market (credits or emissions rights) generated by restoration or conservation of wetlands is an attractive option for the financing of blue carbon projects in Mexico ([@ref-21]).

The variability in C~org~ stocks in mangroves and seagrasses of Mexico observed along the coasts and the uncertainty associated could limit their incorporation to ongoing prospections related to the setting of national baselines under REDD^+^ nesting and feasibility analyses of voluntary local-regional markets ([@ref-14]). In this sense, the risk of following REDD^+^ strategy due to the "additionality" problem must be evaluated at the national level due to Certified Emission Reductions from projects which create 'additional' emissions reductions to those that would otherwise have been achieved. Blue carbon offsets come with high uncertainties and risks of reversal, and because their additionality (i.e., whether emissions reductions or removals would have happened without the blue carbon project) can be difficult to prove in zones with a high occurrence of natural impacts (i.e., fires, hurricanes, etc.), such as Mexico and the Caribbean Basin. Possible solutions to additionality have been largely discussed, (i.e., use of carbon fluxes or sequestration instead of carbon storage), and the existing information of C~org~ fluxes for Mexican blue carbon ecosystems could not support public policies in the short term for the development of local, regional and national strategies to achieve the international commitments of Mexico.

In Mexico, the incorporation of alternative schemes to incentivize the protection of blue carbon ecosystems, such as the "payment for ecosystem services", or "national blue carbon markets", including concessions to communities through custody schemes, could be better implemented and justified by the potential co-benefits from coastal ecosystem conservation and restoration. Then, successful and operative schemes should be designed with the full set of ecosystem services in mind and not just carbon sequestration.

Conclusions
===========

Mexico has great potential to contribute to mitigating the effects of climate change through the conservation and restoration of blue carbon ecosystems, especially mangroves and seagrasses. This study contributes to the quantification of C~org~ stocks and CO~2~e emissions estimation due to the loss of mangrove cover, and it provides the first data for C~org~ stocks and emissions of seagrasses at the country level.

According to this synthesis, the total carbon storage of Mexican mangroves and seagrasses is 498.8 Mg C~org~ ha^−1^ and 130 Mg C~org~ ha^−1^, respectively. Considering the official extension of both ecosystems, mangroves have a stock of 237.7 Tg C~org~ and seagrasses have a stock of 48.1 Tg C~org~. Together, the blue carbon stock of Mexico compensates for the emissions of ≈300 million hydrocarbon users in a year.

Mexican mangroves exhibit great variability in organic carbon reservoirs according to the region, climate, and vegetation structure. According to the criteria, the highest averages for mangroves by region were exhibited in the South Pacific (397.1 ± 45 Mg C~org~ ha^−1^), in humid climates (368.3 ± 35 Mg C~org~ ha^−1^) and peten vegetation (728 ± 230 Mg C~org~ ha^−1^). The Yucatan Peninsula has the largest regional extension of mangroves (55%), and all structural vegetation typologies are presented; however, this region is the most impacted by land use changes.

Conservation and restoration should be prioritized in this region to avoid emissions, reduce vulnerability to sea level rises, and create adaptation opportunities based on ecosystem management. In the case of seagrasses, we report only for the North Pacific, Gulf of Mexico and Yucatan Peninsula, with the latter presenting the highest storage records (113.7 ± 7 Mg C~org~ ha^−1^).

Coverage loss of blue carbon ecosystems in Mexico has accounted for approximately 24 Tg CO~2~e emissions by mangroves over the last 20 years. However, no coverage change data are available for seagrasses, although preliminary results using literature scenarios and local data indicate emissions of approximately 6 Tg CO~2~e over 12 years. According to these results and if the current loss rates are maintained, the commitments of the Paris agreement signed by Mexico government will be difficult to fulfill.

The results of this synthesis suggest that the policies for conservation and restoration of blue carbon ecosystems in Mexico must be improved and enforced in addition to the current legal framework of protection, which do not properly fulfill their purpose. Official data report tourism, agriculture and land use change as the activities with deleterious impacts on Mexican blue carbon ecosystems. We recommend the regulation of those activities according to ecohydrological approaches in order to improve conservation and connectivity between ecosystems. Such action plans should use blue carbon conservation and restoration as an umbrella to maintain and/or recover environmental services, at the time synergies among government, academic, social and private sectors are reinforced and harmonized by win-win initiatives.
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